Microorganisms were screened for ones that reduced 3,5,5-trimethyl-2-cyclohexene-1,4-dione (ketoisophorone; KIP), and several strains were found to produce (6R )-2,2,6-trimethylcyclohexane-1,4-dione (levodione). The enzyme catalyzing the reduction of the C＝C bond of KIP to yield (6R )-levodione was isolated from Candida macedoniensis AKU4588. The results of primary structural analysis and its enzymatic properties suggested that the enzyme might be an Old Yellow Enzyme family protein.
Optically active alcohols are important chiral synthons for many pharmaceuticals, chemicals, etc. (4R,6R)-4-Hydroxy-2,2,6-trimethylcyclohexanone (actinol), an optically active alcohol, also is a useful chiral intermediate for the synthesis of naturally occurring optically active compounds such as xanthoxin 1) and zeaxanthin. 2) Recently, we reported a novel monovalent-cation-activated (6R)-levodione (2,2,6-trimethylcyclohexane-1,4-dione) reductase of Corynebacterium aquaticum M-13, which catalyzes the asymmetric reduction of (6R)-levodione to (4R,6R)-actinol.
3) The gene encoding the enzyme was cloned and overexpressed in Escherichia coli cells, and the possibility of using recombinant E. coli cells overexpressing (6R)-levodione reductase as a catalyst for the production of (4R,6R)-actinol was suggested.
4) The substrate of this reaction, (6R)-levodione, is also a chiral compound. Microbial production of (6R)-levodione through stereospeciˆc C＝C bond reduction of a prochiral compound, 3,5,5-trimethyl-2-cyclohexene-1,4-dione (ketoisophorone; KIP), has been reported by several researchers. 2, [5] [6] [7] However, the enzyme catalyzing the reduction of the C＝C bond of KIP in these microorganisms has not been isolated or characterized. Two enone reductases catalyzing the asymmetric reduction of KIP to (6R)-levodione have been isolated from Saccharomyces cerevisiae, 8) although no structural analysis of the enzymes was reported. In this study, we screened for KIP-reducing microorganisms and isolated an enzyme catalyzing the conversion of KIP to (6R)-levodione from Candida macedoniensis AKU4588, one of the KIP-reducing strains obtained through screening (Fig. 1) . Primary structural analysis of the isolated enzyme suggested that it might be an Old Yellow Enzyme (EC 1.6.99.1).
Materials and Methods
Chemicals. KIP, (6R)-or (6S )-levodione, (4R)-or (4S )-hydroxyisophorone, and (4R)-or (4S )-4-hydroxy-2,6,6-trimethyl-2-cyclohexenone (phorenol) were kindly donated by Nippon-Roche Co., Japan. Other chemicals used in this study were of analytical grade and commercially available.
Microorganisms and cultivation. Microorganisms preserved in our laboratory (AKU Culture Collection, Graduate School of Agriculture, Kyoto University) were screened. Air-dried cells were prepared as described previously.
9)
Can. macedoniensis AKU4588 was used for enzyme puriˆcation. The yeast was cultivated aerobically at 289 C for 48 h in a medium (pH 7.0) comprising 5z glucose, 0.5z peptone, 0.1z yeast extract, 0.2z KH 2 PO 4 , 0.1z K2HPO4, and 0.02z MgSO4 ・7H 2 O.
Screening of KIP-reducing strains. Twenty milligrams of air-dried cells of each microorganism was incubated in a 1-ml reaction mixture comprising 50 mM Tris-HCl buŠer (pH 7.4), 0.6 mg W ml NAD + , 0.6 mg W ml NADP + , 14.3 units W ml glucose dehydrogenase (Amano Enzyme Co., Japan), 50 mg W ml glucose, and 10 mg W ml KIP. The reaction was done at 289 C for 24 h with shaking, and 1 ml of methanol stopped the reaction. After centrifugation, the super- natant was analyzed for KIP and levodione by HPLC as described below.
Identiˆcation of the reaction products. The washed cells obtained from 5-ml of culture broth of each of the selected strains were incubated with 1 ml of the same reaction mixture as described above. The reaction mixture was vigorously shaken with 1 ml of ethyl acetate, and then the ethyl acetate layer was analyzed as to the concentration and W or optical purity of KIP, levodione, hydroxyisophorone, and phorenol by gas chromatography as described below.
Analysis. In the screening of KIP-reducing strains, the concentrations of KIP and levodione were measured by HPLC on a Cosmosil 5C18-ARII column (4.6×250 mm; Nacalai Tesque, Japan) at 359 C. 50z (by vol.) methanol was used as the mobile phase, and the ‰ow rate was 1 ml W min. The absorbance of the eluate was monitored at 210 nm. KIP and levodione were eluted at 7.7 and 5.7 min, respectively.
The expected products of KIP reduction, i.e. (6R)-or (6S )-levodione, (4R)-or (4S )-hydroxyisophorone, and (4R)-or (4S )-phorenol, were measured by gas chromatography on a BGB-176 capillary column (0.25 mm×30 m; BGB Analytik AG, Switzerland) at 100-1509 C (thermal gradient, 19 C W min) with He as the carrier gas.
Enzyme assay. The standard assay mixture comprised, in 1 ml, 65.7 mM (10 mg W ml) KIP, 0.904 mM NAD + or 0.784 mM NADP + , 14.3 units W ml glucose dehydrogenase, 278 mM glucose, 50 mM Tris-HCl buŠer, pH 7.5, and the enzyme. After incubation at 289 C, the reaction mixture was vigorously shaken with 1 ml of ethyl acetate, and then the organic layer was analyzed for the concentration or optical purity of KIP, levodione, hydroxyisophorone, and phorenol by gas chromatography as described above. One unit of enzyme activity was deˆned as the amount catalyzing the formation of 1 mmol of (6R)-levodione per minute.
For characterization of the enyzme, another assay was used. The assay mixture comprised, in 2.5 ml, 0.5 mg W ml substrate, 0.32 mM NADPH, 200 mM Tris-HCl buŠer, pH 7.4, and the enzyme. After 2 min of incubation without a substrate at 309 C, the reaction was started by the addition of the substrate, and then the decrease in absorbance at 340 nm was monitored at 309 C. One unit of enzyme activity was deˆned as the amount catalyzing the oxidation of 1 mmol of NADPH per minute.
Protein measurement. Protein concentrations were measured with a Bio-Rad protein assay kit with bovine serum albumin as the standard. 10) In the eluates from the chromatographic columns, the protein concentrations were measured as the absorbance at 280 nm.
SDS-PAGE. SDS-PAGE was done in a 12.5z polyacrylamide slab gel with a Tris-glycine buŠer system, as described by King and Laemmli.
11) The relative molecular mass of the subunit was calculated from its mobility relative to the masses of standard molecular markers.
Enzyme puriˆcation. All puriˆcation procedures were done at 0-49 C in 20 mM Tris-HCl buŠer (pH 7.4).
Step 1. Preparation of a cell-free extract. Washed cells from 5 liters of culture broth (60.5 g wet weight) were suspended in 121 ml of the buŠer and then disrupted with an ultrasonicator (Kubota Insonator 201M, Japan) at 09 C for 2 h. The supernatant obtained on centrifugation was dialyzed against the same buŠer.
Step 2. Ammonium sulfate fractionation. Solid ammonium sulfate was added to the cell-free extract to 40-80z saturation. The precipitate was recovered by centrifugation, dissolved in the buŠer, and dialyzed against the buŠer for 20 h.
Step 3. DEAE-Sephacel column chromatography. The dialyzed solution was put on a DEAE-Sephacel column (2.5×14 cm) equilibrated with the buŠer. After washing the column with 200 ml of the buŠer, the enzyme was eluted with a 530-ml linear gradient of NaCl (from 0 to 0.6 M). The active fractions were combined.
Step 4. Phenyl-Superose HR10 W 10 column chromatography. The concentration of NaCl was adjusted to 4 M by the addition of solid NaCl to the enzyme solution. The enzyme solution was put on a phenylSuperose HR10 W 10 column (Amersham Pharmacia Biotech, UK) equilibrated with the buŠer containing 4 M NaCl. The enzyme was eluted with a 160-ml linear gradient of NaCl (from 4 to 0 M). The combined active fractions were concentrated by ultraˆltration with Centricon-10 (Amicon Co., USA).
Step 5. Superdex-200 HR10 W 30 column chromatography. The concentrated enzyme solution was put on a Superdex-200 HR10 W 30 column (Amersham Pharmacia Biotech), equilibrated with the buŠer containing 0.2 M NaCl. The enzyme was eluted with 30 ml of the buŠer containing 0.2 M NaCl. The active fraction was used as the puriˆed enzyme for characterization.
Lysylendopeptidase digestion and isolation of the peptides. The puriˆed enzyme was digested with lysylendopeptidase (Wako Pure Chemicals, Osaka, Japan) under conditions described previously.
12) The peptides were separated by reverse-phase HPLC on a mRPC C2 W C18 column (Amersham Pharmacia Biotech) connected to a SMART system (Amersham Pharmacia Biotech). The peptides were eluted with a linear 0-80z acetonitrile gradient containing 0.1z tri‰uoroacetic acid.
N-Terminal amino acid sequencing. The N-terminal amino acid sequence was analyzed on a model 491HT protein sequencer (Applied Biosystems, USA). The obtained N-terminal amino acid sequence was compared with those of proteins stored in the SWISS-PROT, PIR, and PRF protein databases. Sequence data were analyzed with Genetyx-Mac 11.2 (Software Development, Japan).
Results

Screening of KIP-reducing strains
The ability to convert KIP to levodione was widely distributed in various microorganisms, especially in yeasts. Four strains ( Saccharomyces cerevisiae AKU4035, Sac. rouxii AKU4118, Sac. drosophilarum AKU4128, and Can. macedoniensis AKU4588) with high activities were selected from among these strains, and their reaction products were analyzed on a chiral column by gas chromatography (Fig. 2) . Sac. cerevisiae AKU4035, Sac. drosophilarum AKU4128, and Can. macedoniensis AKU4588 stereospeciˆcally produced (6R)-levodione from KIP, but the stereoselectivity of the reaction with Sac. rouxii AKU4118 was not high. Sac. rouxii AKU4118 also produced (4R)-hydroxyisophorone and several unknown by-products. In the reaction mixture with Can. macedoniensis AKU4588, (4R)-hydroxyisophorone was also detected. Can. macedoniensis AKU4588 was selected as the source of KIP-reductase forming (6R)-levodione.
Puriˆcation of the KIP-reductase
The puriˆcation of the enzyme is summarized in Table 1 . The puriˆed enzyme was obtained in an overall yield of about 44z and had an increase of about 44-fold in speciˆc activity compared with the original cell-free extract with NADPH as the cofactor. Throughout the puriˆcation procedures, the ratio of the speciˆc activities towards NADPH and NADH change a little. The puriˆed enzyme gave a single band on SDS-PAGE (Fig. 3) . Enantioselectivity of KIP reduction by the puriˆed enzyme was measured. The enzyme stereospeciˆcally produced (6R)-levodione (À99z enentiomeric excess).
The (4R)-hydroxyisophorone-forming KIP reductase (catalyzing carbonyl reduction) was separated from the (6R)-levodione-forming KIP-reductase in DEAE-Sephacel column chromatography.
Molecular mass and subunit structure of the KIPreductase
The molecular weight of the enzyme was 61,500 or 65,000 by gelˆltration on a Superdex-200 HR10 W 30 or Superose-12 HR10 W 30 column (Amersham Pharmacia Biotech), respectively. The relative molecular mass of the subunit was estimated to be about 45,000 on SDS-PAGE (Fig. 3) . There was no protein band on the front line ( M r º15,000) in the SDSpolyacrylamide gel electrophoresis analysis, so the enzyme appeared to be a dimer of identical subunits or a monomer of a single subunit.
Substrate speciˆcity of the KIP-reductase
The substrate speciˆcity of the enzyme is shown in Table 2 . The enzyme catalyzed the reduction of enone compounds, such as 3-buten-2-one and 2-cyclohexen-1-one, in addition to KIP. The products derived from these compounds were not identiˆed.
EŠects of pH and temperature on the KIP-reductase activity The eŠects of pH and temperature were spectrophotometrically examined with 2-cyclohexen-1-one and NADPH as the substrate and cofactor, respectively. The optimum pH range of the enzyme was 4.5-8.5. The optimum temperature was 609 C at pH 7.4.
EŠects of chemicals on the KIP-reductase activity
The various compounds and metal ions listed in Table 3 were added to the reaction mixture, and the relative activity was measured spectrophotometrically with 2-cyclohexen-1-one and NADPH as the cofactor and substrate, respectively. Chelating reagents (EDTA and o-phenanthroline), carbonyl reagents (semicarbazide and NH2OH), and sulfhydryl reagents (iodoacetate and N-ethylmaleimide) did not inhibit the enzyme activity. Several heavy metal ions, such as Ag , and Pb 2+ , inhibited the enzyme activity.
N-Terminal amino acid sequence analysis of the KIP-reductase
Automated Edman degradation of the enzyme was unsuccessful, suggesting that the N-terminal of the enzyme may be blocked. The puriˆed enzyme was digested with lysylendopeptidase, and 16 internal peptides were analyzed by a protein sequencer. The calculated total molecular mass of all the internal peptides was 33,511, so sequencing of 74.5z of the amino acid residues of the enzyme was completed. A computer-aided similarlity search for these amino acid sequences in a protein database showed the enzyme to resemble several Old Yellow Enzymes; those of Kluyveromyces lactis (KYE1), 13) Sac. carlsbergensis (OYE1), 14) Sac. cerevisiae (OYE2, OYE3), 15, 16) and Schizosaccharomyces pombe (OYEA, OYEB), 17) and estrogen-binding protein of Candida albicans (EBP1).
18) The sequence alignment is shown in Fig. 4 . These results suggest that the KIP-reductase belongs to the Old Yellow Enzyme family.
Spectral properties of the KIP-reductase
The absorption spectrum of the enzyme in the visible region had peaks at about 460 nm and 376 nm, suggesting that the enzyme is a ‰avoprotein. The ratios of the absorbance at 280 nm to those at 460 nm and 376 nm of the puriˆed enzyme in 20 mM TrisHCl buŠer, pH7.4, were 10.8 and 11.6, respectively.
Discussion
The ability to catalyze the reduction of KIP to (6R)-levodione was previously found in several microorganisms, such as bakers' yeast, 2) Thermomonospora curvata, 5) and Aspergillus niger.
6)
However, there has been no report on the enzyme involved in the KIP reduction in these strains. In this study, we screened for microorganisms catalyzing the reduction of KIP to (6R)-levodione. High activity was found in several Saccharomyces species, but only one Candida strain, Can. macedoniensis AKU4588, had relatively high activity. In this study, from a KIP-reducing strain, an enzyme converting KIP to (6R)-levodione was isolated for theˆrst time. The sequences of 16 lysylendopeptidase-digested peptides (K1.1-K33), Old Yellow Enzymes of Kluyveromyces lactis (KYE1), 13) Sac. carlsbergensis (OYE1), 14) Sac. cerevisiae (OYE2, OYE3), 15, 16) and Schizosaccharomyces pombe (OYEA, OYEB), 17) and estrogen-binding protein of Candida albicans (EBP1) 18) are aligned. Gaps in the aligned sequences are indicated by dashes ("). Identical amino acid residues are enclosed in boxes.
Primary structural analysis of the KIP-reductase catalyzing the C＝C reduction reaction suggested that the enzyme is an Old Yellow Enzyme (EC 1.6.99.1). The results of molecular size analysis, substrate speciˆcity, and prosthetic group analysis supported this suggestion. An Old Yellow Enzyme was isolated from brewers' yeast as theˆrst ‰avoprotein by Warburg and Christian, 19, 20) and has been thoroughly studied by many researchers. [13] [14] [15] [16] [21] [22] [23] However, the application of an Old Yellow Enzyme to a stereospeciˆc reaction, as described here, had not been previously reported. The discovery of this stereospeciˆc reaction by Old Yellow Enzyme might help in elucidation of its reaction mechanism. Genes encoding the Old Yellow Enzyme family proteins of various organisms have been cloned, so these recombinant enzymes might be applicable to stereospeciˆc reactions like KIP-reduction.
Two enzymes catalyzing the conversion of KIP to (6R)-levodione have been isolated from Sac. cerevisiae as enone reductases. 8) In addition to KIP, two enone reductases can reduce 3-buten-2-one, 2-cyclohexan-1-one and cinnamaldehyde, which are good substrates for the KIP-reductase of Can. macedoniensis. However, both of them are dimer proteins consisting of heterosubunits, and no speciˆc description of the prosthetic groups of the enzymes has been published. These results suggested that the two enone reductases of Sac. cerevisiae might not be Old Yellow Enzyme family proteins, which have a homodimeric structure and are ‰avoproteins.
The KIP-reductase catalyzing C＝C bond reduction is a useful biocatalyst for the production of chiral compounds, thus molecular cloning and overexpression of the enzyme are now in progress.
